For many years the attempts to create a super long conductive channel were taken in order to study the upper atmosphere and to settle special tasks, related to the energy transmission. There upon the program of "Impulsar" creation represents a great interest, as this program in a combination with high-voltage high repetition rate electrical source can be useful to solve the above mentioned problems. It looks like as some kind of "renaissance of N. Tesla ideas" for the days of high power lasers. In the experiments the GDL CO 2 -laser and solid state Nd YAG laser systems had been used. Theoretical and experimental investigation of high repetition rate P-P mode of operation for high power lasers (COIL, HF/DF) had been provided. The experimental realization of P-P regime has been demonstrated for 100 KW GDL and 1 kW LD pumped SSL. More than two orders of magnitude ratio of peak to average power with minimal energy loss have been obtained. High efficiency and excellent beam quality of disk laser mean that it can be widely used in modern science and industry. Disk laser idea, suggested by N. G. Basov 52 years ago, after implementation in the mono-module disk geometry can be used effectively for many important challenges faced by science and technological advances of the future. Today we can say that creation of megawatt class mono-module P-P disk laser with a large cross section of the active medium opens up great prospects for its use for solving of the set of problems: small satellites launching by lasers, formation of super-long conducting channels in space (vacuum and atmosphere), cleaning of the near-Earth space from the debris and so on.
Basic Results in the Past
It was shown in [10] [11] that a laser spark produced using conical optics demonstrates very attractive characteristics from the point of view of formation of conductivity channels in the atmosphere. Currently, among the huge variety of different lasers, only two types are being actively studied to be used in the formation of laser-spark-controlled high conductivity channels in the atmosphere: submicrosecond pulsed gas and chemical lasers (CO 2 , DF) and femtosecond solid-state lasers [4] [6] [12]. The main advantage of such a laser is the ability of producing ionized channels (filaments) with a characteristic diameter of about 100µm in atmosphere along the laser beam propagation direction. With an estimated electron density of 10 16 cm −3 in these filaments and the laser wavelength in the range of 0.5 -1.0 µm, the plasma hardly absorbs the laser light. In this case, the length of the track consisting of many filaments is determined by the laser intensity and can reach many miles at a femtosecond pulse energy of ~100 mJ. However, these lasers could not be used to form long high-conductivity channels in atmosphere. The ohmic resistance of the thus formed conducting channels turned out to be very high, and the gas in the channels could not be strongly heated (the femtosecond laser energy is less than ≤1 J). In particular, an electric breakdown (EB) controlled by radiation of a femtosecond solid-state laser was implemented in [5] [6] only at a length of 3 m (with a voltage of 2 MV across the discharge gap).
As was shown in [13] [14] , to form a high-conductivity channel in the atmosphere, which could commute an artificial or natural discharge (lightning), the gas must be heated to a temperature from 6000 to 8000 ˚K, when thermal ionization begins. This condition is crucial, because the high initial electron density in the atmosphere is a necessary but not sufficient condition for realizing high conductivity in a long atmospheric channel. As was mentioned in [13] , it is important not only to produce but also to maintain the electron density in an atmospheric channel that is sufficient for the breakdown. During gas heating thermal ionization becomes the main mechanism of electron 'production' in the channel. Specifically this is the main reason why the streamer mechanism cannot lead directly to an electric breakdown in the presence of high electron density (filaments) in a cold channel [13] .
In the case of submicrosecond CO 2 or DF lasers with a high energy per pulse (several hundreds of joules), long conducting laser-plasma channels can be formed with conical optics. In contrast to spherical optics, one can use methods of lens dynamic correction to increase aberrations and elongate the focal segment by passing to a conical phase front [11] . For example, an axicon transforms the phase front of a plane wave so that it becomes conical rather than spherical and converges to the z axis at an angle γ. For small angles (γ << 1˚), it is simply expressed in terms of the angle γ at the axicon base and the refractive index N of the axicon material: γ = (N − 1)α. Each ring element of a conical wave front with a radius R and width δR is focused into an axial element of length δz = δR/γ and the entire focal segment has the length L = R/tgγ = R/γ [11] . This length can be made significant. For example, at R = 10 cm and γ = 0.5˚, it amounts to L ~ 11 m. The cylindrical symmetry of focusing suggests that the type of transverse intensity distribution is independent of the coordinate z, a situation corresponding to a "diffractionless" wave beam. In reality, such beams also undergo diffraction; however, the diffraction energy loss from the central part of the beam is compensated for by the distributed lateral supply of radiation. Note that the theoretical length of the focal segment formed by the axicon is independent of the laser beam energy and power and is determined by only the beam diameter. At R = 100 cm and γ = 0.5˚, it amounts to L ~ 110 m. According to our estimates, when using CO 2 lasers with an energy of ~5 kJ per pulse, the length of these channels for wide laser beams and conical optics can be fairly large (much more than 100 m).
When laser radiation is focused by an axicon in a real experiment, the longitudinal intensity distribution I(z) along the focal length L depends on z, since the transverse intensity distribution I(R) of the input beam is transformed by the axicon into the longitudinal distribution I(z) of the Bessel beam. When the radiation intensity in the beam reaches the threshold, there occurs a breakdown in the medium and an extended plasma channel is formed along the focal length of the axicon [11] . Initially, the channel has a diameter of 20 -100 µm and a length that is on order of the focal length L of the axicon. If the breakdown is stable, the plasma channel, in contrast to the case of spherical optics, becomes continuous for few nanoseconds. The density of the plasma, depending on the parameters of the medium, the wavelength λ, and other experimental conditions, varies from 10 . A few microseconds later the channel expands to 10 mm. Accordingly, the temperature drops to 1eV and retains at this level for about 100 µs, followed by a relaxation of the plasma [11] . There are no discontinuities in the case of axicon based sparks that are characteristic of sparks produced by focusing radiation by spherical optics. A similar pattern was observed at laser energies below 300 J [8] . In the photograph of a CLS fragment in Figure 1 (a) and Figure 1 (b) the longitudinal structure of the spark looks like a set of bright tapered elements, which are in contact and equally spaced. Figure 1(c) shows a photograph of the electric breakdown in the atmosphere for a channel formed by a CLS. When studying the spark between two rods immersed in plasma and spaced by d = 80 cm [8] , an electric breakdown occurred at a laser energy of 140 J and minimum average electric field strength E min ≈ 77 V/cm.
The up-to-date experiments aimed at implementing laser-spark-guided electric discharges shows another fundamental difference in the case of femtosecond solid-state and long-wavelength lasers. In the presence of a laser-plasma channel composed of filaments, the breakdown voltage decreased by 30% [15] . The use of CO 2 and DF lasers made it possible to reduce it by a factor of more than 10.
As was pointed out in [16] , the guiding properties of CLS (with a high voltage delayed by 10 -20 µs) are similar to the action of a chain of metal balls. After an optimal time of ~10 -20 µs, the expansion of individual breakdown 'zones' leads to the formation of a continuous quasi-cylindrical conducting channel with a low gas density (~0.1 of the normal density), high equilibrium temperature (2700 -2900 K), and electron density in the range from 10 7 to 10 8 cm . Another approach to the formation of a conducting channel relies on the application of a P-P laser. It was shown in [17] that electric-discharge and gas-dynamic lasers with a high peak power can operate in a high-frequency P-P regime. This lasing regime allows one to produce a long conducting channel in the atmosphere, which exists for a long time. To this end, it is necessary to align a laser beam with an inverted Cassegrain telescope system, which consists of two spherical mirrors. The first (main) mirror of large diameter is immobile, while the second mirror can move according to a certain law. When moving the second mirror, the common real focus of the system changes its position in time from infinity to some minimum value, which is determined by the optical scheme of the telescope. Calculations show that, at a certain repetition frequency of laser pulses and a certain motion law for the second mirror, continuous extended plasma channels can be formed. However, practical implementation of this scheme with a "running" focus meets a number of fundamental difficulties. The light distribution in the focal plane, yielded by a well correlated lens, is in essence due to the Fraunhofer diffraction. The specific features of the out-of-focus 3D monochromatic images of a point source, obtained with a round hole, were considered for the first time by Lommel. Along the optical z axis, the length of the focal segment that determines the longitudinal size of the energy-accumulation region depends quadratically on the focal length of the system. The transverse size of this region is proportional to the focal length and the angular divergence of laser radiation; therefore, the volume within which energy is concentrated is proportional to the focal length in the fourth power. For this reason, to form a homogeneous plasma channel several kilometers long, one should use a P-P laser with an accurately shaped pulse energy and the small telescope mirror moving according to a complex program. A practical implementation of this method with a P-P CO 2 laser with an average power of 1 kW yielded a continuous plasma channel ~1 m long [18] .
Conducting Channel Formation
A completely different approach to the formation of a conducting channel can be realized using a high repetition rate P-P lasers [19] . Motion of a light driven engine under irradiation by a high-frequency P-P laser with a pulse energy sufficient for producing a breakdown in the focus of the optical system of a laser reactive engine (LRE) gives rise to a continuous conducting channel in air as a result of the formation of a mixture of aerosol [20] with atmospheric air and its subsequent ionization [19] . In this case, according to the calculations, the aforementioned range of laser pulse repetition rates provides continuity of the conducting channel at optimal velocities of the focusing system. Indeed, each laser pulse focused by the optical system forms some extended plasma region with a high conductivity, which occupies a relatively small segment of the focusing system trajectory. If the la-ser pulses have a low repetition rate [21] , these regions will form somewhat like a dashed line at some velocities of the focusing system. If the pulse repetition rate exceeds 10 kHz and the motion velocities are optimal for solving the problem stated, these high-conductivity regions will have no discontinuities, and a continuous conducting channel will be formed. However, when the moving optical system enters rarefied atmospheric layers, a problem of medium deficit arises. To solve it, the displaced optical system must have an efficient source of an appropriate medium (a material containing microscopic metal particles, which can easily be sublimated under laser irradiation) in the vicinity of the focus. In particular, one can use copper oxide (СuO) nano-powder [22] , which provides synthesis of conducting aerosol copper particles upon laser heating. The presence of aerosol particles of heavy metals in the sublimated material makes it possible to increase the specific impulse of the LRE thrust, simultaneously with increasing the channel conductivity.
To implement a long conducting channel, one must solve several problems: 1) Development of a high-frequency P-P laser with an average power more than 100 kW and a peak power sufficient for initiating a breakdown in the focus of the LRE optical system;
2) Development of a system of dynamic correction for the wave front of a wide-aperture laser beam with a diameter D > 10 cm in the presence of small-scale turbulence in atmosphere;
3) Consideration of the laser radiation absorption and scattering by aerosol particles in the LRE exhaust; 4) Alignment of the starting position of LRE with the laser and the pulsed high-voltage (up to several MV) source; 5) Obtainment of maximally possible specific impulse of the LRE thrust to reduce the time of aerosol channel formation; 6) Choice of the material of aerosol heavy-metal particles and their dispersion composition that could provide high channel conductivity upon heating to the sublimation temperature in the LRE; 7) Determination of the lower limit for the size of dispersion aerosol particles to ignite electric breakdown of a channel capable of transmitting a current, corresponding to a short-circuit current in natural or artificial electric circuits at a minimally possible average strength of electric field.
We consider as a very important the problems of determining the dynamics of change in the channel conductivity at long delay times and its maintenance at the optimal level by introducing additional high-frequency generators into a chain.
High-Frequency Pulse-Periodic Solid-State and CO 2 Gas-Dynamic Lasers
Currently, in technological processes and physical experiments with high average power (over 1 kW) lasers, advantage is taken only of sources operating in two regimes-CW and P-P with a repetition rate from a few to hundreds of Hz at pulse durations within tens to thousands of microseconds and even milliseconds. High-frequency P-P laser systems with a high average power, which provide the required pulse train durations from a few to hundreds of nanoseconds, allows implementation of a fundamentally different mechanism of interaction of radiation with matter-sublimation (ablation) ensuring a local energy release not only in space but also in time [23] [24] . This results in an explosive local evaporation of a substance without an intermediate liquid phase. This mechanism can significantly extend the range of physical and technological applications of laser sources.
High-frequency intra-cavity loss modulation approach as most effective way of high repetition rate P-P lasers creation was realized for a solid-state laser with flash lamp and LD pumping for the level of average output power up to 1kW. Such lasers can be fabricated by using the existing experience in the field of calculation and design of laser resonators, which provide their operation at the stability boundary with simultaneous optical decoupling of intra-cavity elements. In the case of industrial applications the stability of output can be reached with the help of an active rear mirror, which provides stabilization of the fundamental mode in the cavity. The experimental setup uses the active cavity, which includes two active mirrors-a rear mirror with a variable radius of curvature and an output mirror-with variable reflectivity varying along the radial coordinate. Using the system of active mirrors has made it possible to significantly improve laser radiation quality. The parameter M 2 < 10 for the case of lamp pumped laser was obtained with decreasing of power down to 350W. Therefore, the increase in the power density in the focal plane of the lens exceeded one order of magnitude. Besides, improving the divergence of the output radiation creates prerequisites for the normal operation of standard acousto-optic modulators used in single-mode lasers. Thus, the Q-switched regime can be realized in the frequency range from 10 to 30 kHz at an output power of 250 W. When using a similar approach for the case of LD pumped laser, the P-P regime at an output power up to 1 kW, with a slight deterioration in quality of the output radiation, has been implemented (Figure 2) . Very important to emphasize the very little lose of energy during the transformation process of CW into P-P regime (Figure 3) .
Low-average-power high repetition rate P-P solid-state laser can be found at the market, but high-frequency P-P CO 2 lasers with the same or bigger output power that is suitable for many purposes are absent at all. However, the use of high-frequency P-P CO 2 lasers will fundamentally expand the scope of their applications. The possibility of high-frequency P-P operation of lasers of virtually any level of power has been demonstrated by us both theoretically and experimentally. Experimental testing under laboratory conditions suggests the principle possibility of transferring the available technology to industry. The basic requirement for industrial lasers is the high reliability and long-term trouble-free operation. In this connection, it is desirable to ensure the low serviceability of equipment. In this regard, the development of industrial laser sources requires additional applied research to obtain maximum stability of the output characteristics, reliability and service life of the laser. The main emphasis of our work was directed to the optimization of optical schemes of laser resonators operating in the high-frequency P-P regime and search for solutions that provide high radiation resistance of optical elements of lasers [25] .
The high-frequency P-P regime fundamentally differs from CW and low-frequency operation modes by the mechanisms of interaction of laser radiation with matter. Experiments show that in the case of high-frequency P-P laser sources, it is needed to significantly increase the ranges of variation of many interaction parameters.
The above objectives can be achieved through physical foundations, elaborated by our team in this area since 1993 [26] . The emphasis is on the two main approaches to implementation of the high-frequency P-P regime in the case of high power laser. In the lasers with a high average output power (GDL, HF/DF, COIL, Mono-module disk laser (MMDL) use is commonly made of unstable resonator configurations owing to the large cross sec- tion of the active medium. In resonators of this type, externally injected low-power beams may exert a significant effect on the characteristics of output radiation. One way to realize the control regime is the self-injection of radiation extraction from the resonator and return of a part of radiation after changing its spatial-temporal characteristics. The transition to the transient lasing mode is effected through the modulation of the self-injecting beam. Earlier, a study was made of laser versions with radiation self-injection into the paraxial resonator region. However, analysis showed that the power of the beam injected into the paraxial beam region should be not too many orders of magnitude less than the output laser power necessary for efficient control of the resonator of a continuously pumped laser, unlike the pulsed laser systems with regenerative amplification, where the signal difference is significant.
The self-injection of a part of output radiation through the resonator periphery is more efficient: on return to the paraxial resonator region, the injection power significantly rises due to the large number of passages to play the dominant role in the formation of output radiation. In the case of a traditional resonator, the role of waves converging to the resonator axis was found to be insignificant, because their source is a narrow region with a small relative area at edge of the output mirror; accordingly, the power of the control wave injected into the resonator is low. This wave has a large divergence, and only its small part (of the order of 1/Nf, where Nf >> 1 is the Fresnel number) participates in lasing.
The effect of injection wave on the resonator characteristics can be enhanced by matching the beam phase with the resonator configuration and increasing the radiation power returned. In this case, the propagation direction and the wave front curvature of the injection beam should be so matched with the resonator configuration that the injection beam concentrates, after a relatively large number of passages through the resonator, near the optical resonator axis and transforms to a divergent wave that forms the output radiation. The injection beam energy should be high enough to exceed, after its arrival to the resonator axis, the saturation energy of the active medium.
The experimental configuration was realized in a gas-dynamic CO 2 P = 100 kW laser with the following parameters: the length of the active medium L a = 1.2 m, the unsaturated gain coefficient g 0 = 0.6 m −1 , the time it takes the active medium to transit the resonator τ = 0.92 × 10 −4 s, the relaxation time τ p = 2.76 × 10 −4 s, the total go-round resonator time τ f = 4.2 × 10 −9 s, the luminescence lifetime τ l = 5 s, the resonator magnification factor M = 1.45, the diameter of output laser aperture a = 0.08 m.
The laser resonator is made up of two spherical mirrors with rectangular apertures, which provided a geometrical amplification factor of 1.45. The active medium travels across the optical resonator axis. In what follows all theoretical and experimental data are given for a laser with the above parameters.
A part of the output laser radiation was diverted by an inclined metallic mirror to the injection beam formation system consisting of two spherical mirrors with conjugate focal planes. In the vicinity of the focal plane there formed the waist of the branched part of the laser beam, and a modulator was placed near the waist. The modulator location was so selected that the laser beam completely filled the aperture of the modulator. The maximal modulation frequency in our experiments was equal to 33 kHz.
The duration of an individual pulse was about 100 -150 ns. We emphasize that the recorded pulse duration was limited by the measuring path bandwidth equal, as noted above, to 50 MHz. The amplitudes of individual pulses exceeded the average value of output power by factor-100. The average output power was measured with a calorimeter cooled by running water. It is noteworthy that the average output power in the P-P mode was equal to the output power in the CW laser-operating mode (Figure 3) . Good agreement between the experimental and theoretical data for frequencies ranging up to 30 kHz testifies to the adequacy of the proposed model and the possibility of employing this method at higher frequencies to convert a CW laser radiation to the P-P operating mode [27] .
Pulse-Periodic HF/DF and COIL Lasers
We have performed the set of calculations for two the most powerful lasers of our days with the goal to get possible temporal structure of radiation and peak power value of pulses after CW mode transformation into P-P mode. The basic parameters for calculations are presented in Table 1 for HF/DF laser and Table 2 for COIL. a) HF/DF laser For the experimental configuration one can conclude: P-P mode is valid for the modulation frequency 60 -600 KHz. The depth of modulation will be chaotic and structure-bundles of pulses for the frequency gap: 100 -250 KHz. The duration of bundles will be controlled by October 2015 | Volume 2 | e1931 filling factor. For the frequencies more than 250 KHz the depth of modulation will reach 100%. (Ruff pulses structure is very similar to the structure of transverse modes biting). For frequencies more than 300 KHz one can get a classical regime of regular pulsed train. Duration of pulses should be in the gap: 100 -150 ns. The ratio P peak/P aver. is in the gap 100 -1000. b) COIL All parameters of the system have the same definitions as for the table mentioned in the beginning of the paragraph. From the data above one can conclude: P-P mode should start for the modulation frequency more than 20 KHz. The depth of modulation will be chaotic and structure-bundles of pulses. The duration of bundles will be controlled by filling factor. For frequency more than 100 kHz the depth of modulation will reach 100%.For frequencies more than 150 kHz-classical regime of regular pulses train. Duration of pulses should be less than 150 ns. The ratio P peak/P aver. is in the gap 100 -1000.
Bright Future-High Power Mono-Module Disk Laser
The scaling laws for the MMDL design show that the power limit for CW operation is far beyond 100 kW for a single disk and the pulsed energy limit is higher than 100 J from one disk in pulsed operation [27] . By surface cooling of the disk, the optical distortion of the laser beam is low and therefore operation of the thin disk laser is possible in fundamental mode at extremely high output power. The disk laser concept is a laser design for diode-pumped solid-state lasers, which allows the realization of lasers with high output power, having very good efficiency and also an excellent beam quality. Since the first mentioning of the principle suggested in 1962 and demonstrated in 1964 by acad. N.G. Basov with colleagues [28] the output power of disk laser has been increased to 4 kW in CW-operation. Disk lasers (chain of disks) with up to 30 kW are now commercially available for materials processing [29] - [31] . The beam quality of all commercially available disk lasers is always better than for rod lasers of similar power level, lasers with up to 100 W of power are available with fundamental mode (M2 < 1.2) . Additionally, the electrical efficiency is higher than that of all other commercially available solid-state lasers with similar level of power. The disk laser design also allows highly efficient pulsed operation as a high repetition rate P-P laser or as a laser amplifier. In particular, the generation and amplification of ultra-short pulses is possible with a very high average power and also high efficiency. These properties of disk lasers will open the way to a completely new class of pulsed laser systems for materials processing. With all its outstanding features, the disk laser will not only replace classical laser systems in many applications but in particular it will create new markets for laser technology. One of the outstanding features of the disk laser is its excellent beam quality, which results from the surface cooling of the laser disk. The laser crystal is shaped as a disk with a diameter not more than 10 mm, depending on the output power/energy and a thickness of up to 500 μm, depending on the laser active material, the doping concentration and the pump design. The disk is highly reflective coated on its back side for both the laser and the pump wavelengths and anti-reflectively coated on the front side for both wavelengths. This disk is mounted with its back side on a water-cooled heat sink. Due to this mounting and cooling technique, the temperature gradients inside the laser crystal are mainly coaxial to the disk axis and the laser beam axis. The temperature in the radial direction is nearly uniform within the homogeneously pumped central area of the disk. Therefore, these temperature gradients only slightly influence the laser beam propagation through the disk. All the thermal lens effects and the aspherical parts of the profile of the index of refraction are reduced by more than one order of magnitude compared with rod laser systems. The stress-induced birefringence is even further reduced and can be neglected for real laser systems. Additionally, due to the large surface-to-volume ratio, the heat dissipation from the disk into the heat sink is very efficient, thus allowing operation at extremely high volume power densities in the disk. Using multiple pump beam passes through the disk, results in a thinner disk and/or a lower doping concentration, thus reducing the thermal effects such as thermal lensing and stress in the disk. Another advantage is that the effective pump power density is increased so that on the one hand the demands to the power density of the pump diodes are reduced and on the other hand, quasi-three-level laser materials can also be used with this design. Quasi-three-level materials offer, on one hand, the possibility of building lasers of the highest efficiency. But on the other hand, they are hard to operate because they show a relatively high absorption of the laser-wavelength since the lower laser level is so close to the ground state that a considerable number of the laser-ions are in the lower laser level, when the laser is operated at room temperature. Therefore, it is necessary to pump the material with high pump power density in order to reach the threshold without increasing the temperature of the crystal too much. Using multiple pump beam passes through the crystal is therefore the key to achieve low threshold and high efficiency, because this helps to simultaneously reduce the thickness of the crystal and the doping concentration. This decoupling of laser and pump beam absorption is essential for the operation of quasi-three-level systems. The limit for the possible number of pump beam passes through the disk is given by the beam quality of the laser diodes which determines the beam diameter on the parabolic mirror and hence the number of positions on the mirror which can be used. The better the beam quality of the pump laser diodes, the higher the number of pump beam passes that are possible and the higher will be the total efficiency of the disk laser. When operating the disk in easy to scale the output power or energy just by increasing the pump spot diameter while keeping the pump power density constant. Also, there is no need to increase the brightness of the pump laser diodes. Besides quasi-three-level systems like Ytterbium and Thulium doped materials nearly all classical laser materials can be operated in the disk design, especially if the absorption of the pump radiation is quite high. This has been demonstrated by using Nd in YAG and other hosts.
Besides the outstanding properties of the disk laser design for CW-operation it is also well suited for P-P laser systems, especially if high average output power is required. Up to the present time, high average power P-P disk laser systems have been developed and demonstrated for the ns-pulse duration regime. That systems show an excellent beam quality and high efficiency. P-P operation could be achieved by inserting an AOM inside the laser resonator and not only. Using the concept of a master oscillator, followed by a regenerative amplifier allows for pulse amplification of ns-, ps-and fs pulses, the oscillator generates pulses with the desired properties (pulse duration, wavelength and repetition rate) which are amplified to the desired energy in the disk amplifier. The disk amplifier in this scheme is operating independently of the seed laser and is able to amplify any incoming pulse with the right wavelength and a pulse duration which is shorter than the round-trip time of the amplifier resonator. Simulations show that scaling of the output power of one single disk is only limited by amplified spontaneous emission (ASE) if the pump spot diameter becomes increasingly larger. Fortunately, the gain of low doped Yb: YAG is rather small so that ASE will occur only at very high pump power levels. For a 9 at% doped disk with a thickness of 200 μm the power limit occurs at a pumping power beyond 50 kW so that much more than 20 kW laser power can be extracted in CW-operation from one disk. This power level (20 kW) can be considerably further increased by increasing the pump spot diameter. The limitation set by ASE can then be overcome by using a disk with an undoped cap on top of the original disk, thus reducing the mean radial gain by the square of the ratio between the undoped and the doped material. The simulations also show that the laser power level for fundamental mode operation can be increased to nearly the same power level as for multi-mode operation. The reason for this behaviour is that the aspherical part of the residual thermal lens of the disk inside a top-hat pump profile is extremely low and independent of the pump spot diameter itself. The additional phase step at the edge of the pump profile is low and also nearly independent of the pump spot diameter. This phase step can be compensated for, by using simple adaptive optics. Scaling the pulse energy of single disk is more strongly limited by ASE than the power under CW-operation since the gain under low repetition rate P-P conditions is much higher compared with the CW-operation of a disk. Nevertheless, using an undoped cap on top of the disk and some other construction features (not presented here "know-how") will result in achievable energy levels far beyond 100 J from mono-module disk laser (MMDL) geometry.
The concept of TRUPF and BOEING is very much similar to this CO 2 laser, which had been developed in 1970s by GPI RAS [31] . That approach was very much effective in understanding of many features of high power lasers development (high power optics, adaptive optics, CW plasma ball in air for new applications and so on). But this "Zig-Zag" approach for high power laser development is not effective, it is gone forever. The only way for multi-MW scale laser development is a MMDL with D >> 1 cm The MMDL is an innovative laser concept that allows one to build diode pumped solid state lasers with the highest average output powers, the highest efficiency and the best beam quality, simultaneously. Nearly all operational modes of solid state lasers such as CW, P-P operation can be built using our new design and having better properties than previous designs. Laser output average power of much more than existing level is possible due to our innovative efforts. The scaling laws for disk laser design according to our approach show that the average power limit is far beyond 1 MW for a MMDL. Variation of the radiation temporal structure will help to overcome the very serious problems and to solve many new tasks: 1) To increase an effective energy deposition into a target; 2) To prevent the big loss of energy during propagation in air due to absorption saturation effect for high peak power of pulses;
3) To realize a much higher extraction of energy from a big volume of a laser active media.
Conclusion
Only the nearest future will show the details of physical-technical solution for the best laser which will be used effectively for many important challenges faced by science and technological advances of the future. However, today we can say that creation of high power class high frequency P-P lasers with a large cross section of the active medium, high compactness and low weight will open up a great prospect for their use in solving the problems of launching of small satellites by lasers, formation of super-long conducting channels in space for wireless power transmission (vacuum and atmosphere), cleaning of the near-Earth space from debris and many other special tasks of our days [32] [33].
